Collecting data like location information is an essential part of concepts like the \ IoT" or \ Industry 4.0". In the case of the development of a precise localization system and an integrated navigation system, indoor location technology receives more and more attention and has become a hot research topic. Common indoor location techniques are mainly based on wireless local area network, radio frequency tag, ZigBee technology, Bluetooth technology, infrared technology and ultra-wideband (UWB). However, these techniques are vulnerable to various noise signals and indoor environments, and also the positioning accuracy is easily a®ected by the complicated indoor environment. We studied the problem of real-time location tracking based on UWB in an indoor environment in this paper. We have proposed a combinational¯ltering algorithm and an improved Two-Way Ranging (ITWR) method for indoor real-time location tracking. The simulation results prove that the real-time performance and high accuracy of the presented algorithm can improve location accuracy. The experiment shows that the combinational algorithm and ITWR method which are applied to the positioning and navigation of the smart supermarket, have achieved quiet good results in positioning accuracy. The average positioning error is less than 10 cm, some of the improvements can elevate the positioning accuracy by 17.5%. UWB is a suitable method for indoor real-time location tracking and has important theoretic value and practical signi¯cance.
Introduction
As a response to the era of big data, everything is connected through the Internet of Things (IoT), and wireless communication technology has rapidly progressed. 9 Therefore, location-based information becomes more and more important. Social demands for location awareness greatly increase, it acquires accurate location information of targets and realizes real-time tracking. Many di®erent localization methods have been proposed in many research works, both with advantages and disadvantages. In Ref. 13 , the node receives Wi-Fi signal strength to estimate the person's speed and location. The disadvantage of this method is that the signal intensity attenuation will lead to the reduction of positioning accuracy. In Ref. 1, a method which uses house's internal map, the information contained in RSS and the fuzzy reasoning system to achieve indoor positioning has been discussed. The disadvantage of this method is the fuzzy inference system cannot ensure the accuracy of node position. In Ref. 27 , a method that uses°oor sensors and multiple cameras to locate people in a smart home environment has been discussed. The disadvantages of this method are as follows:¯rst, when cameras are installed in the room, there are problems of privacy leakage. Second, the installation of sensors on the°oor will increase the construction cost. References 2 and 19 proposed a multi-stage statistical method to estimate the indoor position of the target. But they did not implement real-time tracking. Reference 17 presented the combined Kanade-Lucas-Tomasi algorithm, and realized real-time detection and tracking of intruders with hardware. This method is suitable for outdoor UAV and not for indoor positioning. In Ref. 24 , the proposed method realizes high-speed target tracking through multiinterconnection of heterogeneous processors and multi-descriptor algorithm. Currently, the indoor positioning technology is more widely used, such as the marker-based motion capture system (MOCAP). 10 However, abundant barriers between the target and the anchor along with serious nonline-of-sight are present in complicated indoor environments. 26 Thus, using traditional outdoor GPS location techniques is di±cult in indoor environments. 5 As a result, indoor location technique has become an important study¯eld. However, accuracy is the key indicator of location estimation.
Common indoor location techniques are mainly based on wireless local area network, radio frequency tag, ZigBee technology, Bluetooth technology and infrared technology. 15 These techniques have achieved abundant results and have thus facilitated the development of indoor location technologies to some extent. But, these techniques are vulnerable to various noise signals and indoor environments, and also the positioning accuracy is easily a®ected by complicated indoor environments. 22 Ultra-wideband (UWB) is mostly applied in dense multi-path indoor circumstance, which is of great signi¯cance for Inter-Code Interference (ICI) by multi-path. 4, 8 Furthermore, the UWB technology is superior to many location technologies due to its strong signal penetration, strong anti-multi-path ability, high temporal resolution and high location accuracy, which have achieved better development in recent years. 6, 11 In wireless indoor location systems, there are two location algorithms: distancebased location and distance-free location. The distance-based location shows higher location accuracy than the range-free location and covers range measurement and location. 7, 18 Therefore, the accuracy of range-based location is determined by ranging technology and location algorithm. At present, common ranging methods include TOA, 20 RSSI, 21 TDOA 12 and AOA. 14 Reference 25 proposed a combined position technology of TOA and AOA. There are plenty of obstacles between the tag and the anchor in buildings, where multi-path e®ect and the spreading of NLOS are obvious, they a®ected location accuracy and made positioning very di±cult. Therefore, the in°uences of NLOS should be decreased or eliminated urgently. 3, 23 To address the problems of multi-path e®ect and the spreading of NLOS, we have proposed an improved Two-Way Ranging (ITWR) method, a three-point localization method and a combinational¯ltering algorithm based on the UWB location technology. The improved algorithm is applied to the location and navigation of smart supermarket. As a result, a moving target (the consumer) is located and traced by the improved algorithm, and it provides references for the research on accurate positioning and tracking of moving target in complicated indoor environments.
UWB Technologies

Ultra-wideband signals
The Federal Communications Commission (FCC) provided an internationally adopted de¯nition for UWB spectra. According to this de¯nition, the minimum bandwidth should be greater than 500 MHz or the fractional bandwidth must be greater than 0.2. The fractional bandwidth is de¯ned as follows:
The shape of a pulse in time domain a®ects the frequency domain and the robustness against noise and inter-symbol interference (ISI). The IEEE 802.15.4 Standard provides a structure for the physical layer, which is also applied in the DW1000 chip. The communication scheme including transceiver and receiver is de¯ned.
Why UWB for positioning?
Every technology has certain advantages over other technologies in speci¯c applications and situations. Which bene¯ts can the ultra-wideband technology bring to positioning applications using a TOA scheme and why it is often chosen as the \state-of-the-art" solution will be shortly discussed here. In terms of distance measurements based on radio waves, most issues are caused by multi-path propagation. Due to re°ections at walls or other obstacles, the signal will arrive at the receiver on di®erent paths, with di®erent time delays, di®erent phase shifts and di®erent amplitudes.
In such an environment, it is likely that two parts of the signal are causing constructive or destructive interference in certain areas, as shown in Fig. 1 . This means that in some areas the signal is eliminating itself and in other areas, the amplitudes are even ampli¯ed so that the direct-path signal does not necessarily have the highest signal strength at the receiver. The challenge in distance measurement is to detect the¯rst path of the signal, only in this way, it can provide the desired distance information. Narrow-band receivers mostly have to rely on the highest signal strength, which makes it very di±cult to ful¯ll the¯rst-path requirement. This is where the high bandwidth of the short pulses can really shine. The pulse energy is spread out over the wide spectrum and therefore the amplitude of a pulse is much higher and easier to be detected especially in noisy channels. Destructive interference is also much less likely, as the maximum pulse width according to the IEEE standard is only 2 ns. Hence, a re°ected pulse on a path (S1), which is 1 longer than the direct path (S2), will result in a delay. Even if a re°ected, fully-inverted pulse strikes 50% of the original pulse, then there is still enough energy left in the remaining frequencies to recover the pulse at the receiver. Multi-path resolution techniques have been well developed in narrow-band systems. 16, 28 UWB signals have good time resolution, and have high application value in high-resolution ranging. The novelty of UWB ranging is that the multi-path time spread is usually 100-1000 times in many channels than UWB signals detected in matched¯lter receivers. In the condition of dense multi-path, how to detect the straight-path signal and how to reduce the error are the key problems to determine the ranging quality. This paper proposed an ITWR scheme to reduce the error and solve the problems of clock and frequency drifts in the multi-path interference.
The very low spectral density of UWB signals allows the co-existence of other radio transmissions in the same operating area. As nearly all available frequencies are already allocated to various applications, it becomes more and more important not to waste any resources. The fact that UWB is not a necessary carrier gives two additional advantages: less energy consumption and lower costs.
Location-Engine Problem Statements
Major issues
After starting the shopping app on the Android tablet in the smart supermarket and adding some products to the shopping list, the screen shows a planar map of the smart market area. A red dot indicates the current location and a line with arrows shows a possible route to the desired products. Four anchors are hanging from the ceiling at a height of about 4 m and a¯fth anchor is mounted next to a goods shelf on the°oor. When pushing the shopping cart in the shopping process, using our proposed combined¯ltering method and ultra-bandwidth technology, the red dot is precisely near the real-time location. The accuracy of the results is within a tenth of meter. Make full use of the DW1000 chip capabilities of DecaWave Company.
DW1000 parameters
The DecaWave chip is designed on a PCB together with an STM32 microcontroller. When powering up the device by plugging it into any USB-A connector, the STM32 will con¯gure the DW1000 with all parameters, which are prede¯ned in the microcontroller software. It is not possible to run the DW1000 as a standalone chip for a whole positioning process, as it is only designed to conduct the ranging process with the surrounding anchors. The determined distances are then handed over to the STM32 using the SPI Interface. Plenty of parameters and operational modes can be adjusted in the highly con¯gurable DW1000 chip. Figure 2 shows the DW1000 chip circuit diagram provided by DecaWave.
Channel and bandwidth
The use of UWB is de¯ned in IEEE 802.15.4. This standardization gives a set of 16 channels, with center frequencies in the spectrum between 499.2 MHz and 9484.8 MHz. The DW1000 allows only a selection of six of these channels. Table 1 shows the details of these channels.
Basic parameters
Overall, the pulse repetition frequency (PRF), preamble length and the data rate are having a major impact on the operating range, power consumption and location capability. The preamble is a prede¯ned sequence of pulses, which is transmitted at rst in any package. The transmitter and the receiver know its sequence. Its purpose is the synchronization between transmitter and receiver. It helps set the right clock timings and determine the channel characteristics (Channel Impulse Response) in order to¯gure out the right¯lter settings for the transmitter and receiver, respectively. A long preamble length can extend the operating range and the capability to determine the¯rst arriving pulse in a multi-path environment, but it also increases the power consumption and the air-interface uptime. The pulse repetition frequency gives the cycle duration for the pulses in a burst. Here, 16 MHz and 64 MHz can be chosen. The preamble codes are partly semi-orthogonal to each other, which allows operating on two virtual channels on one physical channel by choosing di®erent PRFs. (The proper preamble code combinations are given in the documentation of DecaWave company.) 
Measurements
In order to get more comparable results and a better overall measurement baseline, some tests should be undertaken in a more predictable environment. The environment was supposed to provide perfect line-of-sight paths and should not be surrounded by walls or other re°ecting materials in order to avoid any multi-path e®ects. Furthermore, any interference with other radio devices should be avoided as much as possible. We selected a basketball court, far away from buildings and without any obstacles, which seemed to be most adequate for this purpose.
Test conditions and environment
The dimension markings on the ground of the basketball court were proofed by measurements. USB power connectors provide power to the nodes, providing an output of 500 mA at 5 V/DC. The tag was mounted on a tripod, which is 1-m high.
The nodes are placed at a height of 15 cm over the ground, which is not ideal in terms of signal ground re°ections, but this is the best possible solution with the given equipment. The tripod made it possible to move the tag in the test zone, and without causing a hard NLOS environment.
Adjusting parameters and ranging distance
Change the data rate of the operation channel and node so that the tag can detect the anchor point. The default settings are channel number 2 and a data rate of 6.8 Mbit. This is the data rate value which is also recommended for indoor environments by the DecaWave company.
The basketball court area o®ered plenty of space for tests up to 50-m minimum distances from the tag to each anchor. Starting with a square of 5 Â 5 m 2 , where the anchors were located at the corners in connection as tight as possible. Within the second square of 10 Â 10 m 2 , random connection losses appeared. The maximum square size can be from 6 Â 6 m 2 to 7 Â 7 m 2 without loss of connection.
LOS and NLOS testing
The LOS and the NLOS tests were¯nally performed in a marking line rectangle on the court with dimensions of 6 Â 4:5 m 2 as shown in Fig. 3 . No connection losses appeared in these dimensions.
First, we analyze the LOS environment. The¯rst measurement was aimed to give the calibration of the system. The tag was placed on the shopping cart and then moved to the rectangle within a rectangle following test routes 1 and 2.
The result is shown in Fig. 3(a) , the result of the tag moving to the position after waiting for 0.5 s. The distance values shown in the¯gure are representing the shortest distance between a measured point (blue dot) and a reference point (red dot) as the error in the measurement.
Considering large uncertainty in the indoor environment and the possible nonlinearity in the measurement towards the corners of the rectangle where the anchors are located, the reliability of the measurement results should be guaranteed. After placing the tag at a certain position it takes about 0.5 s to determine whether the location is considered stable. When moving the tag on the tripod without stepping into the test¯eld (LOS), then the tracking result was by far better as it could be experienced in the smart supermarket. But the NLOS environment could be the major issue for the location system.
Second, we analyze the NLOS environment. The same procedure was performed under NLOS conditions, assuming the body blocked the tag. Therefore, the tag has been mounted on the shopping cart and was then placed at the reference points on the court as shown in Fig. 3(b) . The tag is¯xed on the cart. So long as the shelf covers the tag, it is impossible to see a stable position.
While walking with the tag all over the test¯eld the same behavior as in indoors could be observed. The positioning marker on the display was heavily hopping in unpredictable directions, with deviations of about 2 m. Also, occasional connection losses appeared. However, when we apply the combined¯ltering method, the positioning mark becomes stable and almost without deviation. Figure 3 In other words, the measurement results show that re°ection signal and multipath interference are the main reasons for the impreciseness of tracking results in the NLOS environment.
3.4. The design of positioning method An indoor positioning system used for locating objects inside of buildings basically consists of various amounts of¯xed anchors and movable tags. The anchor is¯xed in di®erent positions indoors. The position of the tag needs to consider the speci¯c state of movement, and there are also RTLS applications, using mobile anchors and tags, whose functionality is similar to radar systems. First, the DW1000 chip, ITWR method and three-point localization method were used in the smart supermarket system. Then we used the combinatorial matching¯lter proposed in this paper to recover the original ranging information at the receiving end. Finally, we¯nished the design and implementation of high-precision indoor location and navigation based on UWB.
Ranging algorithm: The ITWR method
There are various ways to calculate the distance between two objects and also there are various ways to estimate the¯nal location. In the smart supermarket, the location system consists of at least three¯xed anchors, which are surrounding one or more mobile tags. Depending on the particular application, the distance is calculated either in the tag or in the anchors. If one of the anchors is supposed to do the calculation, then the network of anchors must be synchronized in time, which is known as time-synchronized measurements (TSMs). Otherwise, there is no synchronization, which is known as nontime-synchronized measurements (NTSMs). In the smart supermarket, the three-point location method needs four anchors, so the NTSM scheme is selected.
NTSM scheme has been widely used in DW1000 chip and also in the smart supermarket. The location engine is the tag itself. To determine the distance to a particular anchor, a method called bidirectional ranging is used, so at least a bidirectional wireless channel is required to perform a ranging process. So the communication channel in the middle causes the main error between transmitting terminal and receiving terminal of the communication system. Moreover, in order to reduce the error to a minimum and solve the problems of clock and frequency drifts, we proposed an ITWR scheme, the analysis is shown in Fig. 10 .
TOA uses the travel time of the signal through space to calculate the distance between transmitter and receiver. The distance is d ¼ c o Ã t TOF , wherein d indicates the distance, c o is the speed of light, t replyA and t replyB are replied times, t roundA and t roundB are round-trip times, and t TOF is the travel time of the signal, which can be measured in di®erent ways.
In Fig. 4(a) , Device A records the sending time t 1 and receiving time t 2 , the roundtrip time is t roundA ¼ t 2 À t 1 , the time of°ight is
so the distance d is calculated as follows:
But when clock o®set errors e A and e B are taken into account, the time of°ight is calculated as follows:
So the°ight error is determined as follows:
In Fig. 4(b) , the round-trip times are calculated using the below equations and depicted as follows.
The time of°ight is calculated as follows: But when the clock o®set errors e A and e B are taken into account, the time of°ight is calculated as follows:
So the°ight error becomes
Compare two errors: ÁT 0 ITWR < ÁT TWR . The error of ITWR is much smaller than that of Two-way Ranging (TWR). So ITWR is used to measure the distance from tags to anchors in the smart supermarket.
Location algorithm: Three-point localization method
The methods of TOA, TDOA, RSS and AOA are proposed in the literature. They determine the location information through the distance and angle of the object. The distance and angle cannot get much about the exact location, but they can be narrowed down to a position in a circle with the radius of just about the distance to the object. This paper proposed to use the three-point localization method algorithm to achieve more accurate positioning and navigation for a customer in the smart supermarket system. When there are three or more anchors measuring their distance from the object on a two-dimensional plane, then there is only one point of intersection between all the circles. This intersection point is the location of the object. dimensions, as the possible position is not anymore on a circle, but on a spherical surface, which gives one more possible intersection point. So, the precise positioning is realized.
Design of Algorithms
To improve tracking accuracy, the UWB transmission process requires¯ltering process. A commonly applied matched¯lter for tracking purposes and statistical approaches is the Kalman¯lter, which is also chosen as the elementary algorithm in this work. Besides, the classical processing methods include delimiter function and moving average, but each¯ltering method has defects. We have proposed an improved algorithm that combines Kalman¯lter, delimiter function and moving average methods. Detailed algorithm is provided in Table 2 .
Simulations
Simulation environment
The proposed algorithms are simulated in Matlab and the results are presented and discussed in this section. Each algorithm is tested separately and in combination with the Kalman¯lter, respectively. The combinational algorithm based on Kalman¯lter, delimiter function and moving average
Step 1 . Initialize k ¼ 1ðk NÞ, Suppose the measured value is x mea k , estimated value is x est k , and sample number is n samp .
(a) Compare x mea k and x est k , while x mea k ¼ x est k , Output x est k . (b) While k n samp , then mean of all n samp samples:
Step 2 . Suppose the movement speed of tag is v limit , the distance of samples is x dif and the limit distance between two samples is dist limit .
(a) Calculate the limit distance between two samples:
Step 1 result) Move to the next step. (b) Calculate the covered distance:
Step 3 . Suppose the error of estimation is x err est k , error of measuring is x err mea k and Kalman gain is KG k .
(a) Initial estimate: 
Chip parameter settings
To provide a comparable baseline, all simulations are conducted under the same chip settings. Based on the information from the visual positioning software provided by self-developed software and the respective standardization tables by IEEE 802.15.4, the shown in Table 3 parameters could be determined.
Each ranging process requires at least N anch ¼ 4 anchors and N pack ¼ 4 packages. The ALOHA uptime within 1 s is given as t aloha ¼ 180 ms and the packet duration as t pack . Then the resulting number of possible rangings per second is RPS ¼ 64 (rounded):
The reference path
Every simulation has a tracking time of 10 s, which gives a total number of 640 samples. The three-dimensional reference tracking-path vector consists of a twostage continuous way in the z-direction, a sine-wave arc in the y-direction and a linearly increasing function in the x-direction. These three di®erent paths are chosen to provide¯ltered results for most real-world scenarios. The response to erratic changes and longer linear travels can be seen from the z-path. The behavior on a very long straight travel can be observed on the x-path. The y-path provides a constant bend all over the simulation. Figure 6 shows it graphically. Another requirement for the reference path is realistic velocity and acceleration behaviors. The stage within the z-path shall be omitted, as it is only supposed to show the¯lter response to an \overshoot" and in reality, the z-position would be constant all the way. The other two paths can be displayed as parametric equations as follows:
Kalman¯lter
The Matlab implementation of the Kalman¯lter follows the structure described in the previous sub section and it is shown in the form of°owchart in Fig. 7(a) . The simulations have shown that the weighting between the start value of the error in the estimate and the error in the measurement is not that important in a continuous measurement like a tracking algorithm. But it turned out that the minimum Kalman gain has a great impact on the test results. Lowering the limit gives a smoother tracking experience, but also a much greater error, as the¯lter cannot respond to changes anymore in an appropriate time. A good balance can be achieved with a limit equal to 0.15. Although the estimated results of the Kalman¯lter are already a huge improvement over the measurement, it can be seen from the z-axis, anyhow, that the o®sets in the error of more than 0.5 s cannot be eliminated. The overall accuracy of the¯lter shall be expressed by the squared deviations (variance) from the reference path over all samples. The results are shown in Fig. 7(a) . The tracking experience can be evaluated by the results shown in Fig. 7(a) .
Delimiter function
The parameter given to the delimiter algorithm is the maximum assumed velocity. A simulation with either very small or very big values for V max shows the same tracking behavior as that of the Kalman¯lter. Smaller values around V max ¼ 15 km=h provide smooth tracking, with less responsiveness to big changes in the measurement. Larger values of V max ¼ 40 km=h and higher result already in data points near the measurement, as almost no correction must be done by the¯lter. A good balance can be seen between 20 km=h V max < 25 km=h. The range is just small enough to be not too far from the real velocity, and it is yet not too large to make the estimated path look continuous and°uent.
The results that are shown in Fig. 7(b) are achieved with 23 km/h. The variance measured at this point is the smallest possible, and shows again that it is a good indicator for¯nding the \sweet spot". The highest deviation is shown in the z-axis, as it takes the¯lter some time to overcome the gap in the path. But it must be emphasized here that this behavior is quite advantageous since it can reduce the error when a higher o®set appears over a longer period of time. Finally, the delimiter function behaves better than the Kalman¯lter in terms of longer o®sets in the measurement error, yet, the Kalman¯lter responds better when it comes to Gaussian distributed errors.
Moving average
Similar to the other two¯lters, this¯lter needs to be balanced. The parameter here is the amount of averaged points, which is noted as \samples". As expected, a lower number of samples responds well to changes in the measurement and a higher number gives a more°uent tracking experience. The simulation shows the results of 12 averaged samples. It can be noticed that the deviation shown by the variance is signi¯cantly higher on the z-axis than on the other axes. The same behavior can be seen with the delimiter function. To get a smaller deviation from the reference path, the number of samples must be decreased. However, lowering the number of samples gives a drawback in smoothness and this is also not desirable. Gaussian distributed errors can be suppressed satisfactorily. Longer o®sets in the measurement cannot be suppressed at all with a number of samples equal to 12 at a sample rate of 64 samples per second. At least 30 samples should be averaged to overcome an o®set of about 0.5 s, but the overall delay of the¯lter cannot be considered to be acceptable then. The results are shown in Fig. 7(c) .
Kalman¯lter and delimiter function combination method
The Kalman¯lter is combined with the delimiter function as follows:¯rst, the measurement is corrected by the delimiter function and then°attened by the Kal-man¯lter next in line. What happens if either the minimum Kalman gain or the maximum velocity is changed in the respective¯lter? Starting with the parameter V max in the delimiter function, increasing the minimum possible velocity up to 70 km/h has almost no noticeable e®ect, as the Kalman¯lter smoothes out even higher outliers. Lowering V max simply shows the same result as already seen with the standalone delimiter¯lter. Also, a change of the parameter q in the Kalman¯lter results in the same e®ect similar to the one obtained in the stand-alone Kalman¯lter.
Lowering V max can solve this problem. Set V max ¼ 23 km=h and q ¼ 0:15. In terms of the variance it can be seen that the Kalman¯lter slightly limits the high error on the z-path in comparison to the stand-alone delimiter function. But overall it shows no real improvement over the approaches seen before.
Kalman¯lter and moving average combination method
The combination shows improved results in terms of tracking smoothness but comes with the risk of high delays in comparison to all other previous solutions. Nevertheless, the problem of a constantly jumping location on the display within time spans of about 0.5 s could be solved with this approach. The delay on the y-path is the strongest, which is not surprising, as this path has a continuous bend all the way over. Therefore it has to correct the estimated output of every iteration, and hence the delay is strongly visible along the entire path. But considering that the o®set is mostly within a range of 20 cm, rarely more than 30 cm, it is for most applications acceptable, especially when thinking about a shopping cart with a width of about 80 cm in the supermarket. Set q ¼ 0:15 and number of samples ¼ 12. The delay could be strongly decreased by using fewer samples, but the tracking-path consistency would su®er too much from it at the same time.
Combinational algorithm, Kalman¯lter and delimiter function and moving average combination method
Considering the shortcomings of the above methods, this paper proposed to combine and improve the three methods. First, the moving average sets the optimal sample. Second, the values are corrected by the delimiter function and q is set. Finally, the data points are handed over to the Kalman¯lter. This combination algorithm has a large space for adjusting the parameters and gets the best results, as shown in Figs. 8(a)-8(c). But so far, the result of the averaged data followed by a Kalman¯lter has been the best solution, meanwhile with the drawback of huge o®sets, especially on the y-path. Adding a delimiter in the middle cannot eliminate the disadvantage, but it can be decreased and the result is the best possible out of all approaches. The decrease can also be seen from the variance evaluation. The variance on the y-axis drops from approximately 1.5 in the previous¯lter to about 0.8, which is a respectable value. However, taking a look at the z-path it shows no real improvement in terms of long-time o®set errors in the measurement.
Smart Supermarket Application
Design of the system
The model of smart supermarket consists of four major components: a server with an integrated database, smart shelves, a smart shopping cart and anchors (Fig. 9 ). The application scene of the smart market is shown in Fig. 12(a) . The data transfer between anchors (or nodes) and the shopping cart is based on the UWB technology. The heart of the system is a server with an integrated database. The server handles all network requests from either the smart shelves or the shopping carts, and the database contains all information about goods in the market. All connections between the core elements are exclusively wireless, based on three di®erent standards: ZigBee, Wi-Fi and ultra-wideband. A node can be either a tag or an anchor. Both devices are physically the same but di®erently programmed. A tag is a mobile device which is attached to the tablet by a USB connector on the shopping cart. An anchor is geometrically¯xed at a certain position in the supermarket. Tags and anchors are frequently measuring their respective distances to each other, in order to obtain accurately the location of the tags.
Structure of the system
The system architecture of indoor location and navigation is mainly divided into three layers: the device layer, calculation layer and application layer. The device layer is mainly a network composed of the locating nodes and tags for the acquisition and communication of location information. The calculation layer is mainly used to process the collected information and implement the algorithm. The application layer includes apps and open API interfaces. App is divided into the client and the server. The client platform is mainly used by the customer for location and commodity positioning, and can realize navigation function. The management platform is mainly used for investment managers to input data information. The system structure is shown in Fig. 10 .
The locating scheme uses DW1000 module and three-point localization method for positioning in the smart supermarket system. DWM1000 chip is the indoor positioning chip with the highest accuracy in the industry. The navigation scheme uses the server to plan the path between the positioning objects.
Application layer
In the application layer, an app was designed to input RFID tags containing location information and item information, and then connect to the server. The location information of all goods were stored in the server. When the client wants to locate a location or commodity, the server can make path planning according to the stored location information and send it to the app of the client.
Calculation layer
The main function of the calculating layer is to accurately determine the position of the moving object by using the three-point localization method based on Kalman lter, delimiter function and moving average combination method and process the collected location information.
Device layer
The device layer is mainly composed of location nodes to realize the acquisition of the location information and data transmission. The collected static location information is stored in the server and the RFID tag. The location information of the shopping cart is located by the node and anchor, and the location is locked by the three-point localization method based on Kalman¯lter, delimiter function and moving average combination method, and then transmitted to the server in real time.
Principle of location
DWM1000 module is used as the wireless transceiver module of UWB standard in the system of the smart supermarket. It is based on DWM1000 chip, with a positioning accuracy up to 10 cm. It supports data transfer rates of up to 6.8 Mb/s and is particularly suitable for wireless sensor network applications. It also has a good communication distance, 290 m for LOS and 35 m for NLOS, helping to reduce system costs and the need for additional infrastructure. Positioning anchor by using the principle of three-point location based on the combined method, can calculate the current locating node coordinates, then the locating node sends and displays positioning to complete determining the coordinates of a machine via USB. Among them, all the ranging and calculation steps are completed between the location node and the anchor. 6.3. Implementation of the system
Principle and implementation of navigation
The core of the navigation system is positioning and path¯nding. The path¯nding algorithm is implemented in two steps.
Step 1: Given the start and end positions and a set of path¯nding rules, when the navigation program starts navigation pathnding, the system will use the improved algorithm to calculate the best navigation path. The cumulative time and distance of each node were tracked, and the remaining distance was estimated.
Step 2: This steps involves deciding the alternative routes. Each navigation route is arranged from the fastest to the slowest. When a faster navigation route is searched from the navigation starting point to the end point, the relatively slow navigation route will be abandoned.
Hardware design
On the hardware, STM32 is used as the main control for data processing and sending. Hardware circuit of positioning node system is shown in Fig. 11 .
Every smart shelf comes with an active RFID Reader to detect the passive RFID Tags located at the goods lying in the shelf, as shown in Fig. 12(b) . The information collected about the amount and type of goods is frequently transmitted via ZigBee to the database. ZigBee mesh networks can con¯gure and maintain themselves, which makes it easy to add new smart shelves to the market, without putting much e®ort into the network setup. This saves time and reduces costs. Another advantage of using ZigBee for this application is the low bandwidth operation mode, which reduces interference issues with other radio networks. ZigBee packages are small and not designed for high data throughput. Additionally, all devices in a network can disable themselves to save power. All these capabilities make it the ideal choice for a wireless smart shelf. Every shopping cart is installed with a commercial tablet. The tablet connects to the server via Wi-Fi and to the anchor point via the UWB, in order to exchange real-time information about the available goods in stock and to realize location and navigation. A customer can enter the desired products to the shopping list on the tablet and will receive immediate feedback about the availability of the goods.
Implementation of location and navigation
The results of the location and navigation system are shown in Fig. 13 . The results display the locations of personnel and commodities in question, the°oor plan of the supermarket, navigation trace path, the location of the anchor, etc. In Fig. 13 , the red dot represents the actual location of the cart movement and the green dot represents the exact location, which are basically coincident, and the error is within 10 cm in the process of navigation. Table 4 shows the test results of location tracking accuracy. It is the average one after more than 40 tests. Figure 14 shows the trend of precision test results. In the results, the average error (1 960 cm) is greatest in the delimiter function¯lter method. In contrast, the combinational algorithm has the smallest error (760 cm), and the positioning accuracy is improved to 79.8%. Particularly, the combinatorial algorithms show clear advantages in error in Test5. This is because goods shelves can easily cause heavy multi-path interference and signal attenuation. However, the combined algorithm can achieve a positioning accuracy of 10 cm, i.e. an accuracy percentage of 79.8%. Figure 14 suggests that the combined algorithm is more effective in the complicated indoor environment. 
Conclusions
This paper studied the problem of real-time location tracking based on UWB in a complicated indoor environment. Combining Kalman¯lter, delimiting function and moving average algorithm, the location tracking and positioning of shopping cart are realized in the smart supermarket. First, the combination algorithm combines the advantages of each algorithm and conforms to the requirements of Gaussian distribution error. Then the UWB technology fuses the nodes and anchors data and threepoint location algorithm to estimate the reliable position and decreases the lateral error. Finally, indoor real-time dynamic location is realized, which is applied to the smart supermarket system to realize accurate location and navigation, and we also build a smart supermarket model in the laboratory.
In our research, nodes' sensor data of the shopping cart are collected and sent to the server through UWB technology and anchor communication unit. The research achieves accurate positioning and navigation, facilitates e±cient shopping of the customers and helps customers to familiarize with the environment and obtain better services. However, the study should continue to improve the accuracy of the location algorithm, and also need to make a statistical analysis of supermarket commodity demand through the analysis of the customer's navigation path, so as to better serve customers.
